Edited by Joel M. Gottesfeld GM2-synthase produces sialic acid-containing glycosphingolipids called gangliosides, and its mRNA overexpression and the gangliosides it generates are linked to tumor progression, migration, and suppression of tumor-specific host immune responses. However, the mechanism underlying GM2-synthase de-repression in renal cell carcinoma (RCC) is poorly understood. Here, we demonstrate that higher GM2-synthase mRNA expression levels in various cancer cells and in human RCC tumors correlate with higher histone acetylation levels (H3K9, H3K14, or both) at region ؉38/؉187 relative to the transcription start site (TSS) of the GM2-synthase gene than in normal kidney epithelial (NKE) cells or healthy adjacent tissues. An increase in GM2-synthase mRNA expression in cells treated with a histone deacetylase (HDAC) inhibitor was accompanied by increased histone acetylation levels at this promoter region. DNA methylation around the TSS was absent in both RCC cell lines and NKE cells. Of note, both the transcription factor Sp1 and corepressor HDAC1 associated with the ؉38/؉187 region when the GM2-synthase gene was repressed in NKE and tumoradjacent tissues, indicating plausible site-specific repressive roles of HDAC1 and Sp1 in GM2-synthase mRNA expression. Site-directed mutagenesis of the Sp1-binding site within the ؉38/؉187 region relieved repressed luciferase activity of this region by limiting HDAC1 recruitment. Moreover, Sp1 or HDAC1 knock down increased GM2-synthase transcription, and butyrate-mediated activation of GM2-synthase mRNA expression in SK-RC-45 cells was accompanied by Sp1 and HDAC1 loss from the ؉38/؉187 region. Taken together, we have identified an epigenetic mechanism for the de-repression of the GM2-synthase gene in RCC.
Gangliosides are sialic acid-containing glycosphingolipids, ubiquitous in mammalian cells, synthesized by glycosyltransferases. Several gangliosides and corresponding glycosyltransferases are aberrantly expressed in different tumors (1) (2) (3) , which has been linked with modulation of the tumor microenvironment including but not limited to immune dysfunction (4, 5) . Alongside, glycosyltransferases are known to play complex and differential roles in tumor cell behavior (6 -8) as well. Recent reports from our laboratory not only linked tumor-derived ganglioside GM2 with increased migration and invasion (9) , but also indicated the potential role of GM2 in inducing epithelial-mesenchymal transition (10) . Although Human Protein Atlas database demonstrates enhanced mRNA expression of GM2-synthase gene (GalNAcT, B4galnt1) in several cancers including renal cell carcinoma (RCC) 2 (5, 11, 12) , it remains unclear how GM2-synthase gene transcription is regulated in cancer. This prompted us for a detailed investigation to find out whether epigenetic regulation of GM2-synthase gene occurs in cancer and, if so, how.
There was no direct evidence of epigenetic regulation of GM2-synthase gene until Suzuki et.al. (13) reported histone acetylation to regulate GM2-synthase gene during different stages of mouse brain development. Here, we show for the first time that the transcriptional activity of GM2-synthase in human RCC is regulated by epigenetic mechanisms. Epigenetic marks, such as histone acetylation and DNA methylation, are tissue-and cell-type-specific programs in controlling gene transcription (14, 15) . Histone acetylations at H3K9 and H3K14 positions around the TSS are generally associated with active genes (16) . Histones are deacetylated by a group of non-DNAbinding proteins, histone deacetylases (HDACs), recruited to gene promoters by several mechanisms, including direct interaction with transcription factors like Sp1 (17) (18) (19) . Interestingly, studies show that Sp1 can act both as a transcriptional activator or repressor depending on the elements it binds at the promoter of the target gene (20 -22) .
Toward understanding the molecular mechanism underlying the deregulation of GM2-synthase mRNA expression in RCC, we analyzed its epigenetic regulation in RCC cell lines and primary tumors. We confirmed that de-repression of GM2-synthase gene in RCC cell lines and primary tumors is contributed by higher histone acetylations and lower binding of Sp1-HDAC1 repressor complex at ϩ38/ϩ187 region near TSS (hereafter referred to as Region P).
Results
Increased histone acetylations at Region P of GM2-synthase gene associates with higher GM2-synthase mRNA expression in various cancer cell lines and RCC patient tumor Over-expression of the ganglioside biosynthetic enzyme GM2-synthase mRNA and its corresponding ganglioside GM2 was previously reported in different cancer cell lines as well as patient tumors and also shown in Human Protein Atlas database (4, 5, 9, 23) . Expression of GM2-synthase mRNA and corresponding GM2 was assessed in NKE (noncancerous renal epithelial cell), SK-RC-45, SK-RC-26B (renal cell carcinoma), CCF52 (glioblastoma), MCF-7 (breast cancer), and A549 (lung adenocarcinoma) cell lines. Data show elevated but differential levels of GM2-synthase mRNA in the entire cancer cell lines compared with NKE as shown by real-time PCR (Fig. 1A) . Expression of ganglioside GM2, as assessed by immunostaining followed by confocal microscopy, reveals elevated levels of GM2 in most cancer cells compared with NKE, except MCF-7 (Fig. S1B ). Because the mechanism underlying an aberrant deregulation of GM2-synthase transcription in cancer has not been investigated, we wanted to see whether activation of GM2-synthase mRNA expression in cancer cells/tissues might be associated with increased histone acetylation near the TSS, as only a handful of studies claim that ganglioside synthase genes are epigenetically regulated (13, 24, 25) . To address this question, we performed chromatin immunoprecipitation (ChIP) assay with anti-acetyl-H3K9 (H3K9Ac), anti-acetyl-H3K14 (H3K14Ac), and anti-H3 antibodies, followed by quantitative real-time PCR (qPCR). A, GM2-synthase mRNA is over-expressed in cancer cell lines. Total RNA was isolated from indicated cell lines and reverse-transcribed. cDNAs were subjected to qPCR using GM2-synthase primer. Relative expression values were normalized to the GAPDH transcript levels and represented as -fold change with respect to NKE. The data represent three independent determinations (average Ϯ S.E.; Student's t test; ***, p Ͻ 0.001). B, schematic representation showing three regions along the GM2-synthase gene, namely Region P (ϩ38/ϩ187), Region Q (ϩ778/ϩ987), and Region R (ϩ2878/ ϩ3037). C and D, Region P of GM2-synthase gene in cancer cell lines shows higher histone acetylations. ChIP assay performed with different cell lines using antibodies specific for H3, acetyl-H3K9, and acetyl-H3K14. Precipitated chromatin DNA was estimated by qPCR. The results are expressed as relative -fold change with respect to Region P of GM2-synthase gene in NKE. Error bars represent mean Ϯ S.E. of three independent determinations for Region P; Student's t test; *, p Ͻ 0.05; **, p Ͻ 0.01 versus NKE cells. E, Region P of GM2-synthase gene in cancer cell lines shows lower MNase protection. The MNase protection for each cell line was determined by normalizing the amount of MNase-digested qPCR product to that of the undigested product by using ⌬⌬Ct method (y axis) and represented as relative -folds with respect to Region P of GM2-synthase gene in NKE with an arbitrary value of 100. Error bars represent mean Ϯ S.E. of five independent determinations; Student's t test; ***, p Ͻ 0.001 versus Region P of NKE cells. F, GM2-synthase mRNA is over-expressed in RCC tumors. qPCR performed with GM2-synthase primer followed by normalization with ␤-tubulin and represented as -fold change with respect to corresponding tumoradjacent tissue. The data represent three independent determinations (average Ϯ S.E.; Student's t test; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001). G and H, Region P of GM2-synthase gene in tumor tissues shows higher histone acetylations. ChIP assay performed with human RCC tumor and corresponding tumor-adjacent tissues using antibodies specific for H3, acetyl-H3K9, and acetyl-H3K14. Precipitated DNA was PCR amplified as indicated in C and D. Error bars represent mean Ϯ S.E. of three independent determinations; Student's t test; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 versus adjacent tissue. ns, not significant.
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As histone activation marks like H3K9 acetylation are generally enriched just after the TSS of active genes (26, 27) , primers were designed to amplify Region P (ϩ38/ϩ187), Region Q (ϩ778/ϩ987), and Region R (ϩ2878/ϩ3037) of GM2-synthase gene, as represented in Fig. 1B . Indeed, ChIP results demonstrate that relative histone H3K9 (Fig. 1C) as well as H3K14 (Fig.  1D ) acetylations are relatively higher at Region P (near to TSS) of GM2-synthase gene compared with the downstream Regions Q and R in all the cell lines, suggesting the specificity of histone acetylations (H3K9 and H3K14) at the Region P of GM2-synthase gene. ChIP assay further confirmed that all the cancer cells have significantly higher histone H3K9 acetylation at Region P compared with NKE (Fig. 1C) , which correlates with GM2-synthase mRNA expression profile (Fig. 1A) . Increased H3K14 acetylation at Region P was also found in SK-RC-26B and CCF52 relative to NKE (Fig. 1D) . Next, micrococcal nuclease (MNase), which cleaves nucleosome-free and linker DNA, was used to evaluate the state of chromatin compaction (28, 29) . Results indicate overall highest MNase protection at Region P of GM2-synthase as compared with Regions Q and R, in all the cell lines (Fig. 1E) , suggesting that the chromatin at Region P is more compact than Regions Q and R. Results show that Region P of active GM2-synthase genes in the cancer cell lines have significantly lower MNase protection (as evidenced from the ratio of MNase digested to undigested product) relative to the repressed GM2-synthase state in NKE (Fig. 1E) , suggesting chromatin compaction at Region P of NKE represses GM2-synthase mRNA expression.
We then investigated the GM2-synthase mRNA expression in clinically characterized RCC tumors and corresponding adjacent tissue. We observed higher GM2-synthase mRNA expression in six RCC tumor tissues over corresponding tumor-adjacent tissues from 22 patients' tissue samples screened (Fig. 1F) . Among the six samples, we randomly selected five samples for histone acetylation status at Region P. Indeed our results confirmed H3K9 acetylation was significantly higher in all the tumor tissues over the corresponding adjacent tissues (Fig. 1G) , whereas H3K14 acetylation was higher only in three tumor tissues (Fig.  1H) . Altogether, these results demonstrate higher histone acetylations (H3K9/H3K14/both) and lower MNase protection at Region P of GM2-synthase gene are associated with higher GM2-synthase mRNA expression in RCC cell lines and primary tumor tissues.
Alteration of histone acetylations at Region P of GM2-synthase gene directly regulates its transcription
To prove that GM2-synthase mRNA expression is regulated by histone acetylation, we studied the expression of GM2-synthase mRNA and ganglioside GM2 in presence of HDAC inhibitor. We observed increased GM2-synthase mRNA expression following treatment with the HDAC inhibitor sodium butyrate (NaBu) in low GM2-synthase expressing NKE ( Fig. 2A) as well as moderate GM2-synthase expressing SK-RC-45 cells (Fig.  2C) . Consequently, time-dependent increase in ganglioside GM2 levels were also observed in both cell lines treated with 1 mM NaBu (Fig. 2, B and D) . Further, to confirm that NaBu- Figure 2 . Alteration of histone acetylations at Region P of GM2-synthase gene directly regulate its transcription. A and C, butyrate increases GM2-synthase mRNA expression. Total RNA was isolated from NKE and SK-RC-45 cell lines upon treatment with indicated concentration of NaBu for different time points and reverse-transcribed. cDNAs were subjected to semi-quantitative PCR using GM2-synthase primer (786 bp). ␤-actin (687 bp) was used as an internal control for the above PCR experiments (bp). B and D, butyrate increases ganglioside GM2 levels. Immunostaining was performed with hamster anti-human GM2 antibody or hamster IgG antibody (isotype control) as indicated upon time-dependent NaBu treatment on NKE, SK-RC-45. E, ChIP assay performed with different cell lines using antibodies specific for H3, acetyl-H3K9, and acetyl-H3K14. Precipitated chromatin DNA was estimated by qPCR. Error bars represent mean Ϯ S.E. of two independent determinations. F, butyrate decreases chromatin compaction at Region P. Following time-dependent treatment of 1 mM NaBu in NKE and SK-RC-45 cells, loss of chromatin compaction was measured by MNase protection assay. Data from three independent determinations represented as relative -folds with respect to Region P of GM2-synthase gene of untreated control cells (average Ϯ S.E.; Student's t test; *, p Ͻ 0.05; ***, p Ͻ 0.001). ns, not significant.
Epigenetic regulation of GM2-synthase gene in RCC mediated increase in GM2-synthase transcription involves direct involvement of histone acetylations (H3K9 and H3K14) at Region P, ChIP assay was performed. Results shown in Fig. 2E confirm butyrate-induced GM2-synthase mRNA activation in NKE and SK-RC-45 cell lines involves increased histone H3K9 and H3K14 acetylations. Consequent time-dependent decrease in DNA protection toward MNase digestion was also observed at Region P (Fig. 2F) , suggesting chromatin relaxation near the TSS. These results conclusively prove direct involvement of histone acetylations at Region P of GM2-synthase gene with its mRNA expression in RCC cell lines and normal renal NKE cells.
DNA methylation is absent at the ؊73 to ؉158 region of GM2-synthase gene in normal and RCC cell lines
We observed a CpG island around the TSS of GM2-synthase gene encompassing Region P using "MethPrimer" (30) (Fig.  3A) . DNA methylations within CpG island of gene promoter leads to gene silencing (31) . Therefore, we screened for CpG methylations around the TSS of GM2-synthase gene both in normal NKE and RCC cell lines (SK-RC-45 and SK-RC-26B). BstUI enzyme cleaves 5Ј-CGCG-3Ј DNA sequences. We observed that BstUI enzyme did not cleave the DNA encompassing the genomic region Ϫ73/ϩ158 with respect to the TSS of GM2-synthase gene which was pretreated with bisulphite in either NKE or RCC cell lines (Fig. 3B, left gel) . This result suggests absence of DNA methylation in this genomic locus in the three cell lines, as bisulphite treatment converts unmethylated cytosine to uracil, thereby rendering BstUI digestion ineffective. In fact, at identical condition, BstUI enzyme completely cleaved the non-bisulphite-treated genomic DNA encompassing the regions around the TSS of GM2-synthase gene, confirming the specificity of the assay (Fig. 3B, right gel) . The cleaved DNA at lane 3 and lane 5 matched the expected position of intact DNA, because of the absence of CGCG sequence across contiguous 91 bases (of Region Ϫ114/ϩ37) and 39 bases (of Region ϩ38/ϩ187), respectively. Further, we used COBRA assay followed by DNA sequencing for high-resolution screening of CpG methylation around the TSS of GM2-synthase gene in NKE and RCC cell lines. Results clearly demonstrate absence Table S1H . C, DNA methylation is absent at the region Ϫ73 to ϩ158 region confirmed by bisulphite sequencing. Methylation status of 17 separate TA clones of NKE, 15 and 9 separate TA clones of SK-RC-45 and SK-RC-26B, respectively, were determined by bisulphite sequencing analysis. The filled or open circles represent the methylated or unmethylated CpG sites, respectively, and each horizontal column designates the arbitrary position of a CpG dinucleotide around the TSS of GM2-synthase gene.
Epigenetic regulation of GM2-synthase gene in RCC of any prominent CpG methylation in this genomic region of GM2-synthase gene (Fig. 3C) . Hence, lack of DNA methylation around the TSS of either transcriptionally repressed GM2-synthase gene in NKE or its active state in RCC cell lines suggests that DNA methylation has no role in epigenetic regulation of renal GM2-synthase gene, at least in this region of our study.
The Sp1-binding site within Region P of GM2-synthase gene functions as a repressor
We further investigated the involvement of a possible transcription factor associated with Region P in regulation of GM2-synthase transcription. Previous report predicted one Sp1-binding site within the Region P of GM2-synthase gene (32); however, its role in transcriptional control of GM2-synthase gene is unknown. Here, we identified a ϩ109/ϩ125 Sp1-binding site within Region P using Genomatix's MatInspector (Fig.  S2A ). To prove that Sp1 binds at ϩ109/ϩ125 region in vitro, we designed a 22-bp oligonucleotide for electrophoretic mobility shift assay (EMSA) which encompasses the Sp1-binding site of GM2-synthase gene. Fig. 4A shows that nuclear lysates of NKE and HEK-293T (lanes 2 and 6) caused a band shift which was competed out not only by using excess (100ϫ) of this unlabeled probe (lanes 3 and 7) but also by a separate unlabeled 22-bp Sp1 consensus oligonucleotide (Santa Cruz Biotechnology), suggesting that Sp1 binding at the ϩ109/ϩ125 is specific in vitro. Next, ChIP assay was performed to assess relative binding of Sp1 at the Region P in low GM2-synthase expressing NKE versus higher GM2-synthase expressing SK-RC-45 and SK-RC- Table S1E with nuclear lysates of NKE and HEK-293T cell lines. Interaction of nuclear protein with the [␥-
32 P]ATP-labeled probes resulted in significant shift (arrow mark) (lanes 2 and 6) which was self-competed with excess of unlabeled probe (lanes 3 and 7) as well as cross-competed with unlabeled 22-bp Sp1 consensus oligonucleotide (lanes 4 and 8). B, relative high Sp1 binding to Region P in transcriptionally repressed state of GM2-synthase gene in NKE compared with transcriptionally active state in RCC cell lines. ChIP assay was done using antibodies specific for Sp1. ChIP assay with antibody specific for H3 and no antibody served as positive and negative controls, respectively. Representative gel image showing immune-precipitated DNA from indicated cell lines was PCR amplified using primers (150 bp) targeting Region P (bp). C, ChIP assay followed by qPCR showing relative Sp1 binding at Region P in the mentioned cell lines. Region R having no Sp1-binding site was used as a negative control. The data represent three independent determinations (average Ϯ S.E.; Student's t test; **, p Ͻ 0.01). D, relative high Sp1 binding to Region P with transcriptionally repressed state of GM2-synthase gene in human RCC tumor-adjacent tissues. ChIP assay followed by qPCR for Sp1 binding at Region P was carried out in the human RCC tumor and corresponding tumor-adjacent tissues. The results are expressed as relative -fold change with respect to Region P of corresponding tumor-adjacent tissues. Error bars represent mean Ϯ S.E. of three independent determinations; Student's t test; **, p Ͻ 0.01; ***, p Ͻ 0.001. E, map of Region P of GM2-synthase gene used for luciferase reporter assay. Schematic representation of the first TSS of GM2-synthase gene showing the core promoter (region Ϫ93/ϩ129) as analyzed using Genomatix PromoterInspector, encompassing the ϩ109/ϩ125 Sp1-binding site. The position of Region P is marked. Map of luciferase constructs with Region P are shown along with mutated Sp1-binding site. F, Sp1-binding site at Region P functions as a repressor site. HEK-293T cells were transiently co-transfected with WT-Sp1 or MT-Sp1 firefly luciferase constructs and pRLCMV plasmid. Protein lysates were prepared for Dual-Luciferase Assay. The data represent three independent determinations (average Ϯ S.E., Student's t test, ***, p Ͻ 0.001). G, Sp1 knock down in SK-RC-45 cells increases GM2-synthase transcription. SK-RC-45 cells were transfected with siRNA directed against Sp1 mRNA for indicated time points. Scrambled siRNA treatment was done for 72 h. Total RNA was isolated and reverse-transcribed. cDNAs were subjected to qPCR using GM2-synthase primer. Relative expression values were normalized to the housekeeping gene tubulin transcripts levels and represented as -fold change with respect to nontransfected cells as control. The data represent three independent determinations (average Ϯ S.E.; Student's t test; **, p Ͻ 0.01; ***, p Ͻ 0.001). ns, not significant.
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26B. ChIP data revealed that relative binding of Sp1 to Region P (encompassing the ϩ109/ϩ125 Sp1-binding site) was higher than downstream Region R (lacks any Sp1-binding site) in all three cell lines studied, suggesting specific association of Sp1 with Region P (Fig. 4C) . Interestingly, we observed that higher binding of Sp1 with Region P in NKE cells relative to the RCC cell lines (SK-RC-26B and SK-RC-45) (Fig. 4, B and C) , even though the DNA sequences around the TSS of the gene are identical as confirmed by DNA sequencing (Fig. S1A ), suggesting a possible repressor role of Sp1 in GM2-synthase gene transcription. Further, ChIP assay with selected RCC patient samples confirmed higher binding of Sp1 with Region P of repressed GM2-synthase gene in tumor-adjacent tissues relative to corresponding tumors (Fig. 4D) . However, expression of Sp1 mRNA in renal cell lines as well as patient samples showed no direct correlation with Sp1 occupancy at Region P of GM2-synthase gene (Fig. S2, B and C) . Therefore, to understand the transcriptional activity of the ϩ109/ϩ125 Sp1-binding site within Region P, luciferase reporter assay was performed with WT and Sp1-binding site mutated (MT) Region P of GM2-synthase gene (Fig. 4E ) in high GM2-synthase expressing human embryonic kidney (HEK-293T) cells (Fig. S2, D and E) . Interestingly, cells transfected with MT construct show significantly higher luciferase activity compared with those transfected with WT construct (Fig. 4F) , thereby confirming that the ϩ109/ ϩ125 Sp1-binding site at Region P functions as a transcriptional repressor to GM2-synthase gene. Further, knock down of Sp1 in SK-RC-45 cells shows a time-dependent increase in GM2-synthase mRNA expression (Fig. 4G) , suggesting Sp1 represses GM2-synthase transcription in SK-RC-45 cells.
Butyrate induces loss of Sp1 binding with Region P of GM2-synthase gene
To understand the reason behind relative Sp1-binding loss at Region P in high GM2-synthase expressing conditions, we studied the effect of butyrate on Sp1 binding at Region P in SK-RC-45 cells. We investigated the relative binding of Sp1 at Region P in SK-RC-45 cells during transcriptional activation of GM2-synthase gene. Our previous result showed that butyrate increased GM2-synthase mRNA expression in SK-RC-45 cells (Fig. 2C) . Hence, we anticipated reduced binding of Sp1 at Region P in SK-RC-45 cells treated with NaBu, as the Sp1-binding site within Region P acts as a transcription repressor (Fig. 4,  E and F) . Indeed, using ChIP assay we confirmed that NaBu decreased Sp1 binding from Region P in SK-RC-45 cells at time points (Fig. 5A ) corresponding to increased GM2-synthase mRNA expression (Fig. 2C) , thereby suggesting further that Sp1 may be a part of a transcription repressor complex associated with Region P. To gain an insight into the possible reason behind butyrate-induced loss of Sp1 binding to Region P in SK-RC-45 cells, we studied the effect of butyrate on Sp1 expression. Interestingly, we observed NaBu reduced the protein level of Sp1 (Fig. 5D) but not its mRNA expression (Fig. S3A) , suggesting degradation of Sp1 protein levels upon butyrate treatment.
Further, to study the role of HDAC inhibitors other than NaBu on GM2-synthase gene activation in SK-RC-45 cells, we chose two potential HDAC inhibitors, namely SAHA and trichostatin A (TSA). Interestingly, treatment of both SAHA as well as TSA led to significant increase in GM2-sythase mRNA level ( Fig. 5C and Fig. S4B ) as confirmed by qPCR assays, whereas Sp1 protein expression decreased in a dose-dependent manner ( Fig. 5E and Fig. S4A ), as confirmed by Western blotting. These results suggest that HDAC inhibitors like SAHA and TSA, similar to NaBu (Fig. 5B) , induce loss in Sp1 protein expression which potentially may contribute to GM2-synthase gene activation. Moreover, to directly address, whether such HDAC inhibitors indeed induce loss of Sp1 binding with Region P of GM2-synthase gene similar to NaBu (Fig. 5A) , we analyzed Sp1 association at Region P by ChIP assay in SAHAtreated SK-RC-45 cells. Results in Fig. 5B , confirm significant dose-dependent loss of Sp1 association with Region P in SAHA-treated SK-RC-45 cells, suggesting that activation of GM2-synthase gene in SK-RC-45 cells by SAHA is associated with loss of Sp1 binding from Region P of GM2-synthase gene.
Proteasomal pathway acts as a significant mode of protein degradation induced by butyrate (33) . Here, we explored the possibility that Sp1 protein may be degraded by NaBu treatment involving the proteasomal pathway. In fact, treatment with the proteasomal blocker, MG132 on SK-RC-45 cells pretreated with NaBu, blocked the degradation of Sp1 protein expression as confirmed by Western blotting (Fig. 5F ), indicating that the degradation of Sp1 protein by NaBu was mediated through the proteasomal pathway. Again, Sp1 protein degradation through the proteasome pathway involves ubiquitination (34) . Therefore, we investigated the effect of NaBu on ubiquitination of Sp1 in SK-RC-45 cells. Immunoprecipitated protein from butyrate-treated SK-RC-45 cells or untreated condition were separated by SDS-PAGE and immunoblotted with anti-ubiquitin antibody. Results clearly indicate increased ubiquitination in response to NaBu treatment which was immunoprecipitated with Sp1 antibody but not with IgG (Fig. 5G) . These results confirm that butyrate-induced degradation of Sp1 in SK-RC-45 cells is accompanied by enhanced protein ubiquitination (Fig. 5G) , and this is consistent not only with the observed degradation of Sp1 protein (Fig. 5D) , but also the inhibition of degradation by the proteasome inhibitor MG132 (Fig. 5F) .
Next, acetylation of Sp1 by butyrate was known to reduce its DNA-binding affinity at promoter of specific genes (35). However, the binding affinity of acetylated Sp1 to GM2-synthase gene was unknown. Hence, we investigated the possibility of Sp1 acetylation in SK-RC-45 cells treated with NaBu and consequently its effect on binding with Region P of GM2-synthase gene. We measured expression of acetylated Sp1 protein in cell lines by immunoprecipitating Sp1 and probing with anti-panacetyl-lysine antibody. We observed increased Sp1 acetylation in NaBu-treated SK-RC-45 cells (Fig. 5G) as indicated by the appearance of an acetyl-lysine band co-migrating with Sp1, suggesting that acetylation of Sp1 may further contribute to the loss of its binding with Region P in SK-RC-45 cells treated with NaBu. Therefore, to understand whether acetylated Sp1 has indeed lower binding affinity with Region P of GM2-synthase gene, we constructed recombinant Sp1 mutant (K703A) expression plasmid (MT), as the only site known to be acetylated in Sp1 being Lys-703 (36). Indeed, MT-Sp1 protein showed reduced acetylation compared with WT-Sp1 protein that was Epigenetic regulation of GM2-synthase gene in RCC Figure 5 . Butyrate and SAHA induce loss of Sp1 binding with Region P of GM2-synthase gene. A, butyrate treatment reduces Sp1 binding at Region P of GM2-synthase gene. ChIP assay performed with SK-RC-45 cells treated with 1 mM NaBu at mentioned time points using antibody specific for Sp1. Precipitated chromatin DNA was estimated by qPCR. Error bars represent mean Ϯ S.E. of three independent determinations for Region P (average Ϯ S.E.; Student's t test; ***, p Ͻ 0.001). B, SAHA treatment reduces Sp1 binding at Region P of GM2-synthase gene. ChIP assay performed with SK-RC-45 cells treated with SAHA at mentioned concentrations for 24 h using antibody specific for Sp1. Precipitated chromatin DNA was estimated by qPCR. Error bars represent mean Ϯ S.E. of three independent determinations for Region P (average Ϯ S.E.; Student's t test; ***, p Ͻ 0.001). C, SAHA treatment in SK-RC-45 cells increases GM2-synthase transcription. SK-RC-45 cells were treated with SAHA at mentioned concentrations for 24 h. Total RNA was isolated and reverse-transcribed. cDNAs were subjected to qPCR using GM2-synthase primer. Relative expression values were normalized to the housekeeping gene GAPDH transcripts levels and represented as -fold change with respect to DMSO-treated cells as vehicle control. The data represent three independent determinations (average Ϯ S.E.; Student's t test; *, p Ͻ 0.05; ***, p Ͻ 0.001). D, NaBu treatment on SK-RC-45 cells down-regulates endogenous Sp1 protein expression. SK-RC-45 cells were treated with 1 mM NaBu for 24 h, and cell extracts were prepared followed by Western blot analysis with antibodies against Sp1 and ␤-actin. Error bars represent mean Ϯ S.E. of four independent determinations (average Ϯ S.E.; Student's t test; **, p Ͻ 0.01). WB, Western blotting. E, SAHA treatment on SK-RC-45 cells down-regulates endogenous Sp1 protein expression. SK-RC-45 cells were treated with SAHA at mentioned concentrations for 24 h, and cell extracts were prepared followed by Western blot analysis with antibodies against Sp1 and ␤-actin. F, MG132 treatment on SK-RC-45 cells blocks NaBu-mediated down-regulation of Sp1 protein. SK-RC-45 cells were treated with 1 mM NaBu for 24 h, and 20 M MG132 was added 16 h post NaBu treatment and incubated for remaining 8 h, following which cell extracts were prepared for Western blotting analysis with antibodies against Sp1 and ␤-actin. G, Sp1 protein in SK-RC-45 cells treated with 1 mM NaBu for 16 h is ubiquitinated and acetylated. Cell extracts were immunoprecipitated (IP) with antibodies specific for Sp1 or normal IgG. Immunocomplexes and input were probed with ubiquitin, pan-acetyl-lysine and Sp1 antibodies. H, mutated Sp1 protein (K703A) shows reduced acetylation compared with WT-Sp1 protein in presence of NaBu. Cell extracts from untransfected HEK-293T or transfected with indicated Sp1 plasmids tagged with GFP were immunoprecipitated (IP) with antibodies specific for GFP. Immunocomplexes were probed with pan-acetyl-lysine and GFP antibodies. I, acetylated WT-Sp1 protein binds less to the Sp1-binding site within Region P of GM2-synthase gene compared with less-acetylated (K703A) mutated Sp1 protein in vitro. DAPA with cell extract of HEK-293T cells which were transfected with either WT-Sp1 or K703A MT-Sp1 plasmids were incubated with 22-bp biotinylated probe encompassing the Sp1-binding site within Region P of GM2-synthase gene (WT probe). Proteins bound to the biotinylated probes were pulled down by streptavidin beads and probed for Sp1 protein using anti-Sp1 antibody by immunoblotting. The molecular mass of over-expressed Sp1 which is tagged with GFP is 125 KDa (Fig. S3B) . Beads only panel was included as a negative control. M denotes protein marker. J, Sp1 protein in RCC cell lines shows higher acetylation compared with NKE. Cell extracts were immunoprecipitated (IP) with antibody specific for Sp1. Immunocomplexes were probed with pan-acetyl-lysine and Sp1 antibodies.
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over-expressed in HEK-293T cells treated with NaBu (Fig. 5H) . Hence, we performed DAPA assay with both NaBu-treated and untreated HEK-293T cells that were transfected with either WT-Sp1 or MT-Sp1 to investigate the relative binding of acetylated (WT) Sp1 versus less-acetylated (MT) Sp1 with Region P. Results of DAPA assay with NaBu treatment (Fig. 5I) shows that MT-Sp1 protein binds more to the Region P of GM2-synthase gene compared with WT-Sp1 protein, suggesting that Sp1 acetylation by NaBu contributes to its reduced binding to Region P of GM2-synthase gene. DAPA assay without NaBu treatment (Fig. S4C) shows no significant difference between WT-Sp1 and MT-Sp1 binding in Region P, suggesting that the point mutation does not affect the intrinsic binding capacity of Sp1 apart from acetyl modification. Taken together, the above results show that both acetylation and degradation of Sp1 protein significantly reduce its binding with Region P in SK-RC-45 cells during NaBu-mediated transcriptional activation of GM2-synthase gene.
We further investigated the endogenous Sp1 acetylation levels in NKE, SK-RC-45, and SK-RC-26B cell lines by immunoprecipitating Sp1 and probing with anti-pan-acetyl-lysine antibody (Fig. 5J) . Interestingly, Sp1 acetylation levels in RCC cell lines (SK-RC-45 and SK-RC-26B) were higher compared with NKE, suggesting that the relative loss of Sp1 binding with Region P of GM2-synthase gene in RCC cell lines compared with NKE (Fig. 4C ) may be contributed by higher endogenous acetylations of Sp1 protein in these cell lines.
Acetylated Sp1 degrades faster compared with less-acetylated Sp1 in response to butyrate treatment
To understand the relationship between acetylation of Sp1 and its degradation, we investigated the time-dependent loss of Sp1 protein expression by NaBu in NKE and SK-RC-45 cell lines. Fig. 6 , A-C shows that the relative loss of Sp1 protein expression in SK-RC-45 cells at 24 h is significantly higher compared with NKE, suggesting that higher Sp1 acetylation in SK-RC-45 cells may contribute to faster degradation by NaBu compared with less-acetylated Sp1 in NKE cells. Moreover, we investigated the possible role of the acetylated Lys-703 residue of Sp1 in regulating Sp1 ubiquitylation and stability of the protein. Previously, we observed that removal of Lys-703 in MT-Sp1 reduces the overall acetylation of Sp1 protein compared with WT-Sp1 (Fig. 5H) . Hence, we resolved to understand the affinity of the WT-Sp1 versus MT-Sp1 protein toward ubiquitin. Interestingly, by immunoprecipitation assay in HEK-293T cells co-transfected with ubiquitin expression plasmid along with either WT-Sp1 or MT-Sp1, we confirmed that WT-Sp1 protein is significantly more ubiquitinated relative to MT-Sp1 (Fig. 6D) , suggesting that higher acetylation of WT-Sp1 protein (Fig. 5H ) may contribute to its higher ubiquitination level. Consequently, through cycloheximide chase assay in HEK-293T cells co-transfected with ubiquitin expression plasmid along with either WT-Sp1 or MT-Sp1, we observed that WT-Sp1 degrades faster than MT-Sp1 (Fig. 6E) , suggesting NKE and SK-RC-45 cells were treated with 1 mM NaBu up to 48 h, and cell extracts were prepared followed by Western blot analysis with antibodies against Sp1 and ␤-actin. WB, Western blotting. C, relative time-dependent loss of Sp1 protein expression by NaBu in SK-RC-45 is higher compared with NKE. Densitometric analysis of Western blotting was performed using ImageJ software. Error bars represent mean Ϯ S.E. of three independent determinations (average Ϯ S.E.; Student's t test; ***, p Ͻ 0.001). D, WT-Sp1 protein (WT) shows higher ubiquitination compared with mutated Sp1 (MT) protein (K703A). Cell extracts with IP buffer (see "Experimental Procedures") from untransfected HEK-293T or co-transfected with indicated Sp1-GFP and ubiquitin expression plasmids in 3:1 ratio were immunoprecipitated (IP) with antibodies specific for GFP. Immunocomplexes and input were probed with ubiquitin, GFP and ␤-actin antibodies. Error bars represent mean Ϯ S.E. of three independent determinations (average Ϯ S.E.; Student's t test; *, p Ͻ 0.05) by densitometric analysis using ImageJ software. E, WT-Sp1 protein shows lower stability compared with Sp1 MT protein (K703A). HEK-293T were co-transfected with indicated Sp1-GFP and ubiquitin expression plasmids in 3:1 ratio. 24 h post transfection cells were treated with 100 M cycloheximide (CHX) and chased up to next 48 h. Cell extracts were prepared with IP buffer (see "Experimental Procedures") followed by Western blot analysis with antibodies against Sp1 and ␤-actin. The molecular mass of over-expressed Sp1 which is tagged with GFP is 125 KDa. WB, Western blotting.
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higher ubiquitination of WT-Sp1 decreases its stability compared with less ubiquitinated MT-Sp1. Collectively, these results suggest a possible relationship between acetylation of Sp1 and its consequent degradation.
Binding of Sp1 at Region P recruits HDAC1 to repress GM2-synthase transcription
To understand how Sp1 binding at Region P represses GM2-synthase mRNA expression, we checked the possible involvement of the co-repressor HDAC1 in this region. HDAC1 is a non-DNA-binding protein that associates to histones or transcription factors at specific regulatory elements to repress transcription (19) . First by ChIP assay, we observed that the relative association of HDAC1 at Region P is higher compared with Region R in all the three cell lines (Fig. 7A) , suggesting the binding specificity of HDAC1 to Region P encompassing the Sp1-binding site. Interestingly, at Region P, HDAC1 association was significantly higher in NKE cells relative to RCC cells (Fig. 7A) , suggesting that HDAC1 associates more with the transcriptionally repressed GM2-synthase gene. Similar results were obtained in RCC patient tissue samples, where ChIP assay confirmed higher HDAC1 association with Region P of transcriptionally repressed GM2-synthase gene in tumor-adjacent tissues (n ϭ 3) over corresponding tumor tissues (Fig. 7B) . Next, to understand whether HDAC1 regulates GM2-synthase transcription, we carried out both over-expression and knock down studies. In fact, transient over-expression of HDAC1 protein in high GM2-synthase expressing HEK-293T cells (Fig. S5,  A and B) showed significant reduction of GM2-synthase mRNA level (Fig. 7C) , whereas knock down of HDAC1 by siRNA in NKE cells up-regulated GM2-synthase mRNA level (Fig. 7D) as confirmed by qPCR assays, suggesting HDAC1 represses GM2-synthase transcription. Further, to address whether Sp1 recruits non-DNA-binding protein HDAC1 at Region P of GM2-synthase gene, we analyzed HDAC1 association at Region P by ChIP assay in SK-RC-45 cells treated with NaBu. We observed significant loss of HDAC1 association with Region P in NaBu-treated SK-RC-45 cells (Fig. 7E) , similar to loss of Sp1 binding (Fig. 5A) , suggesting Sp1 and HDAC1 may be part of a transcriptional repressor complex at Region P, whereas NaBu did not decrease HDAC1 protein expression as confirmed by Western blot analysis (Fig. S5C) . Moreover, to prove direct involvement of Sp1 in HDAC1 recruitment at Region P, we performed DNA affinity precipitation assay (DAPA). For this, we used biotinylated WT-Sp1 oligo (Sp1 WT) and mutated Sp1 oligo (Sp1 MT) where the ϩ109/ϩ125 Sp1 site is altered, as probes to pull down Sp1 from whole cell lysates of HEK-293T cells, co-transfected with plasmids encoding HDAC1 and Sp1 (Fig. 7F) . Results clearly indicate that Sp1 as well as HDAC1 bind more with WT probe over MT probe, thereby indicating that Sp1 binding at Region P is essential for recruitment of HDAC1. Furthermore, luciferase assay performed with lysates of HEK-293T cells co-transfected with WT luciferase constructs encompassing Region P, along with either HDAC1 expression plasmid or empty vector showed significant repression of luciferase activity of WT construct by HDAC1, but interestingly, HDAC1 failed to repress the luciferase activity of the construct having Sp1 site MT (Fig. 7G) , demonstrating that Sp1 binding to Region P of GM2-synthase gene recruits HDAC1 to mediate GM2-synthase transcriptional repression.
Discussion
GM2-synthase is a key enzyme in the ganglioside biosynthesis pathway (37) . The aberrant over-expression of GM2-synthase mRNA expression in various cancers is well-established (Human Protein Atlas). Increased GM2-synthase mRNA expression and consequent over-expression of ganglioside GM2 have been found to increase cancer cell migration as well as suppression of specific host immune response (9, 23) . Recently, analysis from The Cancer Genome Atlas dataset reveals RCC patients with high GM2-synthase mRNA expression shows poorer prognosis (Human Protein Atlas). However, the GM2-synthase gene regulation in RCC is poorly understood. Here, for the first time we report an epigenetic regulation of GM2-synthase gene in RCC. We showed that activated state of GM2-synthase gene in cancer cells is regulated by higher histone acetylations along with decreased Sp1-HDAC1 repressor complex.
Initially, we observed increased transcription of GM2-synthase in various cancer cell lines and primary RCC tumor tissues. It is known that GM2-synthase mRNA expression increases in neuronal cells during development (38) . Indeed, in a previous report, epigenetic activation of GM2-synthase gene involving higher histone acetylations was implicated during different stages in mouse brain development (13) . We used several strategies to investigate whether histone acetylations and DNA methylation have any role on regulation of GM2-synthase gene in RCC. First, we showed higher histone acetylations (H3K9/ H3K14/both) associate with Region P of active GM2-synthase gene in cancer cell lines and primary RCC tumors over normal cell line and tumor-adjacent tissues by ChIP assay. Second, through COBRA assay we showed that the region around the TSS of GM2-synthase gene lacks DNA methylation in both normal NKE and RCC cell lines. Absence of DNA methylation around the TSS in low GM2-synthase expressing cell line NKE indicates the possibility that GM2-synthase gene may not be permanently inactive but rather it is poised for epigenetic activation. Indeed, treatment of HDAC inhibitor (NaBu) activated transcription of GM2-synthase gene in NKE. Third, using HDAC inhibitor (NaBu) on both NKE and SK-RC-45 cells, we established that increased histone acetylations at Region P transcriptionally activates GM2-synthase gene.
Previously, a report on human GM2-synthase promoter predicted an Sp1 transcription factor-binding site just after the TSS within Region P. However, its role in GM2-synthase regulation was unknown. Our ChIP results revealed that Sp1 protein binds more with repressed GM2-synthase gene in cell lines and tissue samples. Further, siRNA-mediated knock down of Sp1 increased GM2-synthase transcription in SK-RC-45 cells. Consistent with these data, luciferase data showed increased luciferase activity in cells transfected with mutated Sp1-binding site, confirming the repressor function of this site. Moreover, NaBu-mediated transcriptional activation of GM2-synthase gene in SK-RC-45 cells showed significant loss of Sp1 binding from Region P, further suggesting association of Sp1 at Region Epigenetic regulation of GM2-synthase gene in RCC P represses transcription of GM2-synthase gene. We report here that butyrate-induced loss of Sp1 binding from Region P in SK-RC-45 cells is contributed by proteasome-dependent degradation and acetylation of Sp1 protein. Furthermore, using another potential HDAC inhibitor, SAHA, we observed similar loss of Sp1 protein expression and binding with Region P of GM2-synthase gene in SK-RC-45 cells along with consequent activation of GM2-synthase transcription, suggesting Figure 7 . Binding of Sp1 at Region P recruits HDAC1 to repress GM2-synthase transcription. A, HDAC1 associates more with transcriptionally repressed GM2-synthase gene in NKE. ChIP assay followed by qPCR for HDAC1 binding at Region P was carried out in the mentioned cell lines. Region R binding was used as negative control. The data represent three independent determinations (average Ϯ S.E.; Student's t test; **, p Ͻ 0.01; ***, p Ͻ 0.001 versus NKE). B, HDAC1 associates more with transcriptionally repressed GM2-synthase gene in human RCC tumor-adjacent tissues. ChIP assay followed by qPCR for HDAC1 binding at Region P was carried out in the human RCC tumor and corresponding tumor-adjacent tissues. The results are expressed as relative -fold change with respect to Region P of corresponding tumor-adjacent tissues. Error bars represent mean Ϯ S.E. of three independent determinations; Student's t test; *, p Ͻ 0.05; ***, p Ͻ 0.001. C, GM2-synthase mRNA expression is down-regulated in HEK-293T upon transient over-expression of HDAC1. HEK-293T cells were transiently transfected with HDAC1 or empty plasmids as control. 60 h post transfection, total RNA was isolated for reverse transcription. cDNAs were subjected to qPCR using GM2-synthase primer. Relative expression values were normalized to the GAPDH transcripts levels and represented as -fold change with respect to control. The data represent three independent determinations (average Ϯ S.E.; Student's t test; **, p Ͻ 0.01). D, HDAC1 knock down increases GM2-synthase transcription in NKE cells. NKE cells were transfected with siRNA directed against HDAC1 mRNA or scrambled siRNA oligo as control. GM2-synthase was qPCR amplified as mentioned in C. The data represent four independent determinations (average Ϯ S.E.; Student's t test; *, p Ͻ 0.05; ***, p Ͻ 0.001). E, butyrate treatment reduces HDAC1 association at Region P of GM2-synthase gene. ChIP assay performed with SK-RC-45 treated with 1 mM NaBu at mentioned time points using antibody specific for HDAC1. Precipitated chromatin DNA was estimated by qPCR. Error bars represent mean Ϯ S.E. of three independent determinations for Region P (average Ϯ S.E.; Student's t test; **, p Ͻ 0.01; ***, p Ͻ 0.001). F, Sp1 recruits HDAC1 to the Sp1-binding site of Region P. Nuclear extract of HEK-293T cells transfected with WT-Sp1 and HDAC1 plasmids was analyzed by DAPA, using 22-bp biotinylated probes designed from the Region P of GM2-synthase gene encompassing Sp1-binding site (Sp1 WT probe) and corresponding Sp1 site mutated oligo (Sp1 MT probe). Proteins binding to the biotinylated probes were pulled down by streptavidin beads and probed for Sp1 and HDAC1 proteins with indicated antibodies by immunoblotting. Beads only panel was included as a negative control. G, HDAC1 fails to repress luciferase activity of Region P construct encompassing mutated Sp1-binding site. Map of luciferase constructs showing WT-and MT-Sp1-binding site encompassing the Region P of GM2-synthase gene. HEK-293T cells were transiently co-transfected with WT-Sp1 or MT-Sp1 luciferase constructs along with HDAC1 or empty plasmids as control. Protein lysates were prepared for luciferase assay. The data were expressed as -fold induction relative to HEK-293T cells co-transfected with empty vector and WT-Sp1 construct and represented from five independent determinations (average Ϯ S.E.; Student's t test; ns, not significant; **, p Ͻ 0.001).
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specific HDAC inhibitors induce the loss of Sp1 binding at Region P which contributes to GM2-synthase gene activation in SK-RC-45 cells.
To investigate the possibility that a co-repressor is associated with transcriptional repression of GM2-synthase in normal state, we studied binding of HDAC1 at the Region P of GM2-synthase gene. The HDAC1 protein acts as transcriptional corepressor and regulates transcription of a number of genes through a variety of ways. First, they act as a bridge connecting different transcription factors and co-repressors to the transcription apparatus (19, 39) . Second, histone deacetylase activity of HDAC1 represses transcription by deacetylating nucleosomal histones (40) . From our ChIP data showing association of both Sp1 and HDAC1 at Region P of repressed GM2-synthase gene, we propose Sp1 binding at the Region P recruits HDAC1 as part of a repressor complex. To validate such a notion, we examined the Sp1 and HDAC1 binding at Region P of GM2-synthase gene in SK-RC-45 cells upon NaBu-induced GM2-synthase transcriptional activation. Interestingly, NaBu treatment decreased the association of HDAC1 without any change in its protein expression, suggesting its association with Region P depends on Sp1 binding. Also, activation of GM2-synthase transcription was observed under HDAC1 knock down condition whereas the reverse was observed under HDAC1 overexpressed condition. Further, results of DAPA and luciferase assay with Sp1-binding site mutated constructs revealed that Sp1 binding at the Region P is a prerequisite for recruitment of HDAC1 in this region. Collectively, these data indicate that association of HDAC1 at Region P down-regulates GM2-synthase mRNA expression.
The results presented in this study may have important implication in regulating GM2-synthase transcription in cancer cells by targeting Sp1-HDAC1 complex specifically at Region P. This finding also provides the gateway for translating this in animal models, using either syngeneic mouse tumor model or xenografts with engineered tumor cells, where deacetylated Sp1-HDAC1 is targeted to the GM2-synthase TSS to achieve targeted transcriptional repression in cancer cells leading to a favorable response. However, this is a subject of an independent study beyond the scope of the present one, but holds tremendous potential as a possible targeted approach in blocking GM2-synthase mRNA expression in animal models.
Experimental procedures
Cell culture and transfection NKE, SK-RC-45, and SK-RC-26B were kind gifts from Dr. James H. Finke (Cleveland Clinic). CCF52 was kindly provided by Dr. Michael Vogelbaum (Cleveland Clinic). A549, HEK-293T, and MCF7 cells were procured from the National Centre for Cell Science, Pune, India. All the above cell lines were cultured in complete RPMI 1640 except A549 and HEK-293T which were cultured in DMEM using standard procedures (9) . Cells were transfected with indicated plasmids using Lipofectamine-LTX (Life Technologies). RNAi was achieved by using 100 nM siRNA (pool of four siRNA duplexes) of Sp1 and HDAC1 (SMARTpool reagent, Dharmacon, Lafayette, CO). A scrambled siRNA (nontargeting siRNA, Dharmacon) was used 
Plasmids and site-directed mutagenesis
pHDAC1-FLAG was a kind gift from Dr. Eric Verdin (Addgene plasmid no. 13820). pHA-ubiquitin was a kind gift from Dr. Edward Yeh (Addgene plasmid no. 18712). pSp1 was a kind gift from Dr. Beatrice Yue (Addgene plasmid no. 39325) and modified prior to use. The primers used to make recombinant Sp1 mutant (K703A) (41) are given in Table S1 . Region P (ϩ38/ ϩ187) of GM2-synthase gene was amplified from human genomic DNA with the primers listed in Table S1 . The amplified regions were cloned into the linearized pTZ57R/T (Fermentas, Lithuania) by the T/A cloning method. The fragments were then subcloned into luciferase reporter vector pGL3 basic (Promega, Madison, WI) using restriction enzymes KpnI and HindIII (New England Biolabs, Beverly, MA). Deletion of Sp1-binding site within Region P was performed by site-directed mutagenesis, using primer sequences given in Table S1 . All constructs were verified by sequencing.
Luciferase assay
After transfection, cells were washed with phosphate-buffered saline (PBS) and subsequently lysed with luciferase lysis buffer supplied with the Dual-Luciferase Assay kit (Promega, Madison, WI). After a short vortex, whole cell lysates were centrifuged at 4°C at 6000 rpm for 5 min, and total protein concentration in each lysate was measured by BCA Protein Assay (Thermo Fisher Scientific). 20 l of supernatants with equal protein was mixed with 30 l of Luciferase Assay substrate followed by 30 l Stop & Glo Buffer. Luminescence was measured in Varioskan Flash multimode reader (Thermo Fisher Scientific). Each assay was performed in triplicate. -Fold activation values were calculated as mean of three separate experiments.
RNA isolation, RT-PCR, and real-time PCR
Total RNA was extracted using TRIzol Reagent (Invitrogen). cDNA was prepared from 1 g of total RNA using Verso cDNA synthesis Kit (Thermo Scientific). Total cDNA was diluted 1:4 times and 4 l of cDNA was used for either semi-quantitative PCR or real-time PCR (qPCR). Real-time PCR was performed on the 7500 Fast Real-time PCR system (Applied Biosystems) using power SYBR Green PCR Master Mix (Applied BiosysEpigenetic regulation of GM2-synthase gene in RCC tems). All primers were custom synthesized by Integrated DNA Technologies (IDT), Coralville, IA. The primers used for selected genes were given in Table S1 . The comparative threshold cycle method (⌬⌬Ct) was used to quantify relative amounts of product transcripts with specific housekeeping genes as mentioned in figure legends as endogenous reference control.
DNA affinity precipitation assay (DAPA)
DNA affinity precipitation assay was performed as described earlier (42) . For construction of the annealing probes, both sense (biotinylated) and antisense oligonucleotides were synthesized (IDT, Coralville, IA) and annealed following standard protocol. The sequences of the annealing probes used are given in Table S1 . Briefly, nuclear extracts from HEK-293T cells transfected with 12 g of indicated plasmids were precleared with 10 l of streptavidin-agarose beads (Sigma-Aldrich), and the precleared nuclear extract was used for binding with biotinylated annealing probes as described earlier. Following incubation with 30 l of streptavidin-agarose beads with rotation for 1 h at room temperature, the beads were washed three times with 0.1% Nonidet P-40 in 1ϫ PBS and eluted with 30 l of 2ϫ loading dye and then separated by SDS-PAGE followed by Western blot analysis.
Immunoprecipitation and Western blot analysis
For immunoprecipitation assay, IP buffer (50 mM Tris-HCl, pH 7.9, 10 mM KCl, 1 mM EDTA, 0.2% Nonidet P-40, 10% glycerol) and nuclear lysis buffer (20 mM Tris-HCl, pH 7.9, 10 mM KCl, 1 mM EDTA, 20% glycerol, 400 mM NaCl) containing protease and phosphatase inhibitor (Thermo Fisher Scientific) were used or RIPA was used to prepare whole cell lysate for Western blotting. The supernatants were incubated overnight with antibodies specific for Sp1 (D4C3, 9389) (Cell Signaling Technology). Normal rabbit IgG (3900S) (Cell Signaling Technology) was taken as an isotype control for immunoprecipitation. The antibody-protein complex was precipitated with Pierce Protein A Plus Agarose beads (Thermo Scientific) and washed, and subsequently the protein complex was eluted by SDS-lysis buffer. The eluted samples were then processed for Western blot analysis with antibodies specific for ubiquitin (3936) (Cell Signaling Technology) and pan-acetyl-lysine (623401) (BioLegend). Western blotting was performed as described previously (9) . The primary antibodies used as mentioned in the figures are HDAC1 (10E2, 5356) (Cell Signaling Technology), FLAG (Sigma-Aldrich), tubulin (BB-AB0119), and GFP (BB-AB0065) (BioBharati, India), ␤-actin (Imgenex, India). Bands were detected using Clarity Western ECL substrate (Bio-Rad) after treating with HRP-conjugated rabbit (7074P2) or mouse (7076S) secondary antibodies (Cell Signaling Technology).
Immunofluorescent staining
Immunofluorescent staining of the cell lines was done with hamster monoclonal anti-human GM2 antibody (DMF10.167.4, a gift from Dr. Kenneth Rock, University of Massachusetts Medical School, Worcester, MA and Dr. James H. Finke, Cleveland Clinic, Cleveland, OH) by methods described previously (9, 10). In brief, cells were grown on coverslips, fixed with 3.7% paraformaldehyde, washed with 1ϫ PBS and stained with hamster anti-GM2 antibody (1:50) overnight at 4°C in a humid chamber. Cells were washed with PBS, counterstained with Alexa Fluor-488 goat anti-hamster IgG antibody (1:500) for 1 h at room temperature. Cells were washed with PBS, mounted on slides, and observed using fluorescence microscope (Leica Microsystems India Pvt. Ltd.).
Electrophoretic mobility shift assay
EMSA was done using 22-bp fragment encompassing the Sp1-binding site of GM2-synthase gene and 22-bp Sp1 consensus oligo (Santa Cruz Technology). Approximately, 10 fmol DNA was mixed with 25 g of nuclear lysate in 1ϫ EMSA buffer (10 mM Tris-HCl, pH 7.5, 5 mM NaCl, 0.1 mM EDTA, 0.5 mM MgCl 2 , 0.1 mM DTT, 5% glycerol, and 1.25 g/ml poly(dI-dC)) and the mixture was incubated on ice for 30 min. The reaction mixture was resolved by 5% native PAGE in 0.5ϫ Tris borate-EDTA at 4°C and analyzed by phosphoimaging. The sequences of the annealing probes used are given in Table S1 .
Chromatin immunoprecipitation
Cells were cross-linked with 1% formaldehyde at room temperature for 10 min by gentle shaking followed by treatment with 1 mM glycine for 5 min. Cells were washed twice with ice-cold 1ϫ PBS and scrapped with 1 ml Nonidet P-40 lysis buffer (50 mM Tris HCl, pH 8, 10 mM EDTA, 1% SDS, protease inhibitor) and incubated at 4°C for 30 min with occasional vortexing. For tissue, frozen samples were thawed on ice and minced. Tissue pieces (100 mg) were cross-linked with 1% formaldehyde as stated above. At this point, cross-linked tissues were re-suspended in Nonidet P-40 lysis buffer and homogenized several times with a 2 ml Dounce homogenizer. Nuclei were collected by centrifuging at 4°C for 5 min at 720 g. The nuclear pellets were washed twice and re-suspended in 800 l of MNase digestion buffer (10 mM Tris HCl, pH 7.5, 15 mM NaCl, 60 mM KCl, 0.15 mM spermidine) and incubated at 37°C for 10 min with MNase (30 units) to achieve average chromatin fragment size of 200 bp. Digestion was stopped by addition of 200 l 5ϫ nuclear lysis buffer (50 mM Tris HCl, pH 8, 10 mM EDTA, 1% SDS) and centrifuged at 10,000 rpm for 10 min. The supernatant was diluted 10 times with ChIP dilution buffer (1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8, 167 mM NaCl) and precleared. Immunoprecipitation was carried out overnight with antibodies specific for H3 (ab1791), acetyl-histone H3K9 (ab10812), acetyl-histone H3K14 (ab52946) (Abcam), Sp1 (D4C3, 9389), HDAC1 (10E2, 5356) (Cell Signaling Technology). Next day, preblocked Pierce Protein A Plus Agarose beads (Thermo Scientific) were added for binding to pulled chromatin complex. Beads were washed with high-salt buffer, low-salt buffer, LiCl buffer, and TE consecutively for 10 min each. Following RNase A and Proteinase K treatment, the beads were kept overnight for de-cross-linking at 65°C. Phenol-chloroform extraction followed by ethanol precipitation was performed. The DNA pellet was dissolved in H 2 O and used for qPCR analysis using gene-specific primers (Table S1 ).
Epigenetic regulation of GM2-synthase gene in RCC Micrococcal nuclease (MNase) protection assay
MNase protection assay was performed as described elsewhere (29) , with some modifications. The same procedure for ChIP was used until MNase digestion. At this point MNase digestion was terminated using 100 mM EDTA and 10 mM EGTA. The nuclei were processed like ChIP samples from the point of elution from the beads, before resolving the isolated DNA on a 2% agarose gel. The DNA band corresponding to mononucleosome was excised, gel-extracted using a kit (Qiagen) and 20 ng of DNA from MNase-digested and undigested samples was amplified by real time PCR.
Combined bisulphite restriction analysis (COBRA) assay
DNA methylation levels in cell lines were measured by COBRA assay (43) using EZ DNA Methylation-Gold Kit (Zymo Research). The sequences of the primer sets for COBRA assay are given in Table S1 . PCR products were cloned in a pTZ57R/T vector, sequence verified using T7 forward primer (Table S1) . For BstUI digestion, PCR products were purified with PCR purification kit (Qiagen), digested with BstUI, and detected on 3% agarose gel.
Statistical analysis
Student's t test (paired) was used to determine the p values using GraphPad Prism software. In every case, the value of (*) p Ͻ 0.05, (**) p Ͻ 0.01, and (***) p Ͻ 0.001 were considered to statistically significant. 
